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ABSTRACT

There are two notivations for studying Humanitarian
Assi stance/ Di saster Relief (HA/DR) operations. First, the
Marine Corps wll be a first-responder in the future.
Second, logistics support takes on a primary role. Thi s
thesis identifies the potential for wusing agent-based
nodel s to support |ogistical decision-nmaking in an urban,
HA/ DR environnent. W develop a simulation using Map Aware
Non-uni form Automata (MANA). Qur scenario depicts a relief
convoy Wwth security attachnent, operating on urban
terrain. The convoy noves to an HA/DR site where they
distribute food to neutrals (locals) who have nmade their

way to that site.

W couple data farming wth a Latin Hypercube
experinmental design to explore very large data space.
Forty variables are identified. W establish 640 different
design settings and each setting is replicated 50 tines
produci ng a 32, 000-point dataset. W use regression to fit
several nodels. The conclusions from this thesis suggest:
coupling intelligent designs with data farmng is effective
at exploring large data space; mssion success in HA/DR
operations may depend on only a handful of factors;
understanding |ocal communications is the key to m ssion
success; success cannot be determ ned based solely on the
factors the convoy controls.
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THESI S DI SCLAI VER

The reader is cautioned the conputer progr ams
developed in this research may not have been exercised for
all cases of interest. Wiile every effort has been made,
within the tine available, to ensure that the prograns are
free of conputational and logic errors, they cannot be
consi dered validated. Any application of these prograns

w t hout additional verification is at the risk of the user.
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EXECUTI VE SUMVARY

There are two main notivations that have driven the
author to actively study Humanitarian Assistance/Di saster
Relief (HA/DR) operations. The first is the conpelling
fact that the Marine Corps will be called on as a first-

responder to humanitarian crises in the future. The second

is that, in HA DR operations, |logistics support takes on a
primary role. Because the Marine Corps operates in a
forwar d- depl oyed status, it is wuniquely positioned and

equi pped to rapidly respond to pleas for help. Af | oat
units deploy with a full conplinment of equipnent, allow ng
themto provide immediate |ife-saving services and then, if
necessary, transition to relief and sustainnent operations.
Fur t her nore, in HA DR operations services such as
transportation, di stribution, medi cal attention, and
engi neering efforts often rise to the top of the priority
list. Logi sticians nust be prepared to take the lead in
pl anni ng for HA/ DR operations.

This thesis identifies the potential for using agent-
based nodels to support [logistical decision-making in an
urban, HA/DR environnent. We have devel oped a sinulation
using the nodeling environment Map Aware Non-uniform
Automata (MANA) which allows us to inculcate agents and
squads with personality and physical characteristics. Qur
scenario depicts a relief convoy, augnented with a security
attachnment, operating on urban terrain. The convoy foll ows
a given route to an HA site where they distribute food to

neutrals (locals) who have nade their way to that site.



From the beginning, we were interested in exploring
the conplexities of HA/DR operations with the foreknow edge
that our nodel would best serve as a screening tool. To
explore the potentially huge data space we coupled the
technique of data farmng our simnulation over a cluster of
superconputers with a Latin Hypercube experinmental design
W identified 40 squad/state/factor conbinations and
established 640 different design settings for those
conbi nat i ons. Each setting was replicated 50 tines

produci ng a 32, 000- poi nt dat aset.

Finally, we fit our dataset and drew conclusions

relevant to our scenario. W used JWMP Statistica
D scovery Software™ and the additive nmultiple [inear
regression technique to fit our dataset. Every term

included in the final nodel was then justified and we
interpreted the operational inplications of our nodel. W
next suggested two additional nodels by subsetting our
dat a. The ramfications of these experinments are also
det ai | ed.

The results of this thesis work suggest the foll ow ng:

. Logi sticians nust study HA/ DR operations, paying
attention to lessons |earned and planning
consi derati ons.

. There is great wutility 1in using agent-based
nodels as a neans of exploring highly conplex
scenari 0s.

. Logi stics functionality and nmeasur es of

ef fectiveness nust be added to agent-based nodel s
in order to fully exploit their benefits.

. Coupling intelligent designs with the speed of
data farmng has a multiplying effect on the
nunber of factors that can be expl ored.

XX



Even though HA/DR operations are replete wth
vari ables, mssion success may be dependent on
only a handful of these factors.

Interactions between the few, highly inportant
vari abl es account for much of nission success.

When conducting |ogistics operations in an HA/ DR
envi ronnment, understanding and tapping into |ocal
communi cations is the key to m ssion success.

Marines should not predict the success of a
m ssion solely on the variables they have control
over.

XXi
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. 1 NTRODUCTI ON

It is in the cities of the future that nost

di saster victins wll be found. Peopl e trapped
in poverty, living on marginal |and exposed to
i ndustri al hazar ds and i ndi fferent city
gover nnment s, will make up the nmgjority of

di saster victins in the near future.

Charl es Page
| nternational Federation of the Red Cross, 1997

A MOTI VATI ON

There are two nmain notivations that have driven the
author to actively study Humanitarian Assistance/Di saster
Relief (HAN DR) operations. Forenost is the conpelling fact
that the Marine Corps can expect to be inportuned as a
first-responder to humanitarian crises in the future. The
second inpetus is that in HAVDR actions the primary role,
and in fact accountability for success, is often
apportioned to the conbat service support comunity.

The Marine Corps and its Navy partner routinely
operate in forward-deployed regions, uniquely positioning
themto rapidly respond to pleas for help. These cries my
be for imediate relief from the crippling effect of a
natural disaster, as was the case when an earthquake
recently struck the country of Turkey. They may be the
swel ling voices of citizens trapped in a nman-made disaster
brought on by civil conflict such as was the case nost
recently in Liberia. In either circunstance, the Marine
Corps and the Navy are trained and outfitted to respond
pur poseful |y. The Marine Expeditionary Unit (MeEU) depl oys

with a full conplinent of equipnent allowing it to provide

1



imrediate I|ife-saving services and then transition to

relief and sustai nnent operations.

Again, in an HA/DR environnent services such as
transportation, di stribution, nmedi cal attention, and
engi neering efforts often rise to the top of the priority
list. Logisticians may find thenselves in the unique
position of being the main effort with infantry providing
security for their m ssions. Furthernore, 1ogisticians
must be prepared to take the lead in drafting operationa
pl ans.

B. PURPCOSE

The purpose of this thesis is to identify the

potential for wusing agent-based nodels (ABMs) to support

| ogi stical decision-making and m ssion success in an urban,

HA/ DR envi ronnent . We have devel oped a sinmulation, which
will allow us to i ncul cate squads Wi th gener al
characteristics, as well as personality and physica
characteristics. W will exploit these properties to

answer general questions about convoy cohesiveness and
novenment speed when operating in an urban environnent on a
relief supply mssion. W also consider how information
must propagate between neutrals in order for a naxinmm
nunber to be fed. Finally, we seek to identify ways agent-
based nodels can be used to predict starting paraneter
val ues for nore conpl ex nodel s.
C. SCOPE

There are an endless nunber of questions and issues
regarding tactics, equipnent, |eadership, coordination
terrain effects, behavior of the neutral agents, and
introduction of hostile agents (just to nane a few) that

could be explored. In order to keep this thesis within the
2



limts of what can be reasonably explored, the follow ng

has scoped the direction of the research:

. Summari ze three HA/ DR operations as case studies.

. RevieM{ the lessons |earned from these previous
oper ati ons.

. Devel op an appropriate neasure of effectiveness.

. Present an overview of the functions within the

nmodel i ng environnent we have chosen.

. Identify, frominitial simulation runs, pertinent
paraneters and set factor ranges we intend to use
in our full nodel.

. Recap the creation of our sinulation nodel.

. Expl ain the design of the experinent.

. Revi ew data farmi ng and explain how the technique
has been applied to our design.

. Fit various nodels to our full dataset.

. Present the findings and make recommendations on

how they may support |logistics operations in
humani tarian cri ses.

. Consi der how agent -based distillations (ABDs) may
be used for finding beginning paranmeter values to
current aggregate nodels.

D. | NTRODUCI NG AGENT- BASED MODELS

Many areas of mlitary concern, such as command and
control of forces, operations on urban terrain, and HA/DR
operations, are replete wth human interactions. The
conplexity of these operations along with the confluence of
possi ble interactions outside of the control of the | ocal
commander creates a situation that is not easily nodeled
Increasingly these nultifaceted operations are being
studi ed usi ng ABMs.



ABMs provide an environment in which entities,
controlled by decision-naking algorithms, can naneuver.
These entities, known as agents, execute nmany |oca
i nteractions resulting in the energence of gl obal
behavi ors. The agents often interact in a self-adaptive,
non-linear manner with each tinme step. This sel f-adaptive
behavi or creates a vast nunber of vari abl es, and
facilitates research into energent behavi ors. The
aggregate effects of the myriad of individual decisions can
be studied, for a given scenario, in order to assess the
effects on the whole system These systens, including the
agents, the environment in which they maneuver, and the
rul e-set by which they make deci sions, are known as conpl ex
adaptive systens (CASs) [Stephen et al., 2002].

E. | NTRODUCI NG PRQJECT ALBERT ( PA)

The validity and useful ness of ABMs renmi ns an ongoi ng
contention wthin the analysis comunity. The Marine
Corps, through the proponency of Project Al bert (PA), is
one of the |eading agencies working to address this area of
research. Specifically, PAis interested in exploring ways
of sorting through the huge sanple spaces generated by an
agent-based approach to gain insight into real-life,
operational problenms [Horne and Johnson, 2002]. To date,
PA has wushered the developnent of several agent-based
nodel i ng environnments. These environnments have been used
to generate abstract nodels of real-world problens.
Because of the decidedly sparse, and thereby rapid,
approach to nodeling, the project <calls the abstracts
distillations, or agent-based distillations (ABDs) [Horne
and Johnson, 2002].



Concurrently, PA has introduced the idea of data
farm ng. Data farmng is an iterative technique that
resanpl es areas of the data space that the analyst wants to
research nore closely. This resanpling can be conducted
qui ckly because PA uses superconputers to execute thousands
of model runs in a relatively short amount of tine [W,
2002] . Furthernore, the setup and feedback of the data
farm ng runs can be done over the Internet through a sinple
i nterface. PA has put together a conplete package,
including a set of agent-based nodels, an easy-to-use data
farm ng process, and visualization tools, which facilitates
research into CASs.

F. | NTRODUCI NG THE PROBLEM

Most operators, logisticians, and analysts think of
| ogi stics support in ternms of hard nunmbers, such as the
nunber of neals delivered or the nunmber of mles driven.
However, logistical scenarios are exactly the type of
| oosel y-defined problens which lend thenmselves well to
abstract study using agents. For exanple, one can think of
any nunber of decisions that could affect the success of a
sinple resupply mssion in an urban HA/ DR environment.
I ntangi bles, such as foot traffic, road accessibility,
harassnment, and the necessary interaction between the
mlitary and Non-Governnmental Organizations (NG3s) and
Private Voluntary Organizations (PVGOs) can all have effects
on the success of the operation. This thesis wll apply
data farm ng techniques to an ABD that nodels |ogistics
support in a HADR environment in order to identify which

i nput vari abl es have the nost effect on m ssion success.



G I NTRODUCI NG OUR SI MULATI ON

While our sinmulation nodel will be fully developed in
a |later chapter, a snapshot of the base-case scenario wll
be given here to facilitate the problem description and
formul ati on. This screenshot is best viewed in color.
Figure 1 depicts a screen capture of an execution of our

ABM W developed the simulation in the nodeling
envi r onment Map Awar e Non-uni form  Automata ( MANA,
pronounced narnar). Blue agents in the screen shot
represent a convoy of relief supplies, including a US.
Marine Corps security elenent. The vyellow entities are
neutral agents, those requiring aid. W have included a

lone red agent in our base-case scenario to introduce the
possibility of random harassing fire as mght be
encountered in a man-nade humanitarian crisis such as a

civil war.

MANA - good version 30 July
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H. THESI S ORGANI ZATI ON

Chapter 11 begins by covering the background relative
to why this thesis is both tinely and inportant to future
conflicts and crises. W then justify the aspects of HA/DR
operations we have tried to include in our nodel. Next we
di scuss, in general termns, appropriate Measures  of
Ef fectiveness (MOEs) for HA/DR operations and how we
arrived at the specific MOE used in our analysis.

In the third chapter, the internal workings of MANA
and the principles of data farmng are discussed nore
t hor oughl y. The setup of our scenario is delineated,
i ncludi ng what each paraneter value is neant to represent
and how those values were chosen. The results of initial
runs are explained as a nmeans of introducing the nodel used
in the final analysis.

Chapter |V describes the analysis nethodol ogy used to
fit and interpret the final MANA nodel . W al so discuss
the output from our nodel and the various statistical tools

used for anal ysis.

The simulation results and nodels we fitted, along
with a thorough discussion, are presented in Chapter V.
Finally, conclusions and recomendations for future

research are suggested in Chapter VI.
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1. BACKGROUND AND MOTI VATI ON

.an international coalition analogous to Desert
Storm built around a core of two U S. divisions
and led by the First Marine Expeditionary Force...
Only this sort of large-scale, rapid-action force
coul d bl anket and extinguish the conflict so that
relief supplies could reach the hundreds of
t housands of people at risk before it was too
| ate.

Anbassador Robert Qakl ey
Speci al Envoy for Somalia, 1997
A CHAPTER OVERVI EW
This chapter opens by defining many of the expressions
included in the body of verbage comon to the HA/DR
community, as well as lingua franca used by those operating
within the PA arena. Next we present three significant
HA/ DR actions as a neans of conveying the core of what is
typically required of responding agencies. From these
operations we glean a nunber of I|essons learned that we
have then tried to incorporate into our nodel. W discuss
the problens inherent wth selecting a neasure of
effectiveness in an HA/DR operation and then justify the
choice we have nmade. As a final point, this section
explicates the notivation behind why we were interested in
researching this problem
B. DEFI NI TI ONS
The breadth and scope of HA/DR operations, along wth

the plethora of responding agencies, contribute to an on-

goi ng problem within t he comunity of i mpreci se
definitions. Whenever possible we wll use definitions
taken from Departnent of Defense sources. If a definition



cones from another source, that wll be noted. We al so

define many of the ternms common to the PA environnent.

Agent Based Distillation (ABD) — the termused to
reflect the difference between MANA and nore
detailed nodels that also use agents. The term
reflects the intention to nodel just the essence
of a problem[Anderson et al., 2003].

Agent Based Model (ABM) - a nodel that contains
entities that are controlled by decision-naking
al gorithnms [ Anderson et al., 2003].

Compl ex Adaptive Systens (CAS) - agent-based
nodels consisting of entities, controlled by
deci si on-maki ng algorithnms, reacting individually
but creating an ener gent gl obal response
[ Anderson et al., 2003].

Data Farmng - the application of agent-based
nodel s, conputing power, and data visualization
to hel p answer conpl ex questions [Wi, 2002].

(Foreign) Disaster Relief (DR) — Pronpt aid which
can be wused to alleviate the suffering of
(foreign) disaster victinms [ MOW, 1999].

Humani tari an Assi stance (HA) — Programs conducted
to relieve or reduce the results of natural or
manmade disasters or other endemc conditions
such as human pain, disease, hunger, or privation
that mght present a serious threat to life or
that can result in great damage to or |oss of
property [ MOW., 1999].

Non- Gover nnent al Organi zat i ons ( NGO -
Transnational organizations of private citizens
that mintain a consultative status wth the
Econom ¢ and Social Council of the United Nations
[ MOWL, 1999].

Private Voluntary Organizations (PVO - Private
non-profit humanitarian assistance organizations
involved in developnent and relief activities.
PVCs are normally U. S. based [ MOW., 1999].

10



C. BACKGROUND

Much of the data given as background in this section
has been culled from many sources and often varies from
source to source. The data wusually was not originally
gathered for the specific purpose of conpiling statistics
and should therefore be regarded as indicative rather than
exact. These statistics are offered in order to gauge the
rel ati ve changes that have taken pl ace.

Wth the fall of the Iron Curtain the geo-political
| andscape changed significantly. The international bal ance
of power, that had been consolidated in the hands of the
two nucl ear superpowers (the U S. SR and the U S ), began
to be diffused to nations with regional strength. The
relative strength of the world s renmining superpower (the
US') has declined even though its absolute strength
remai ns unchal | enged. The U.S. found itself thrust into
the position of being the only nation capable of

respondi ng, worldw de, to crisis or conflict.

It was thought that the end of the Cold War would
usher in a time of world peace and, undoubtedly, the
prospect of global nuclear war is no longer wth us.
However, during the Cold War there was a sense the
superpowers would keep their proxy nations in check,
t hereby suppressing regional aggression. Since then the
reality is conflict has increased rather than di m nished,
especially small-scale or Low Intensity Conflict (LIC
International trade has clashed with national fractions,
ancient ethnic rivalries, and religious divisions, to set

the stage for constant political and social unrest.
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Between 1948 and 1978 the United Nations Security
Council approved only 13 peace operations and none at all
from 1979 to 1987; thus approving a total of only thirteen
in alnost 40 years. From 1988 through Decenber 1999, 38
peace operations were established [CBO Paper, 1999]. Thi s
trend is expected to continue. The d obal Humanitarian
Enmergencies Projection [NIC, 2001] suggests that, although
the nunber of acute world enmergencies is down from 25 in
January of 2000, there are presently 20 humanitarian crises
ongoing in the world. In addition, this report cites
internal war as a main cause for the proliferation and
prol ongati on of these humanitarian crises. The upswing in
civil unrest within nations is generally thought to be
related to the breakdown of the de facto bi-polar

super power arrangement .

It should also be noted that these 20 energencies
enconpass only the nost acute problens. The Wworld
Di sasters Report, published vyearly by the Red Cross,
counted 39 countries in 1998 where people were in need of
sone sort of assistance [IFRC, 1998]. Appendi x A provides
specific details on the nunmber of people affected and the
types of energencies they are facing. Also in Appendix A
is a table showing the 39 countries that were nost at risk
and what types of privations they faced.

The energence of the United States as the world' s only
superpower has thrust America into the position of globa
nmedi ator and provider in times of crisis. As this nation’s
“911" force, the Marine Corps has often been the initia
force responding to cries for help, whether these pleas are

the result of internal chaos or natural disasters. Over

12



the past dozen years the Marine Corps has participated in
numer ous HA/ DR operati ons. In May 1991, Marines returning
from Operation Desert Storm were diverted to provide
i mredi at e assistance to the country of Bangl adesh follow ng
a cyclone that killed nore than 139, 000 people and left 2.7
mllion honeless [Trader et al., 1998]! At the same tineg,
Operation Provide Confort brought relief supplies to nore
than one mllion refugees in the nountains of northern Iraq
[ Trader et al., 1998]. Sub-freezing tenperatures, disease,
mal nutrition, and dehydration were mtigated through the
efforts of Marines and others. Marines participated in
OQperation Restore Hope in Decenber of 1992, providing
hunger relief to the country of Somalia at a tinme when 3000
Somalis per day were dying and another 1.5 mllion were at
risk of starvation [U. S. Arny War College, 1997]. Recently
Marines responded with aid to the people of East Tinor and
Af ghani stan. Currently there are Marines providing limted
support to a nulti-national peacekeeping force in the
country of Liberia.

| f we have not yet provided convincing evidence of the
inportance and current application of this research,
consider the words of Secretary of State Colin Powell when
he spoke on August 11'" 2003 regarding the situation in
Liberia. The secretary cited a “desperate need for food to
be delivered” and said Marines could help secure the port
and bring humanitarian supplies ashore [Vick, 2003]. The
Marine Corps can expect to be further involved in these
types of operations in the near and continuing future.
D. THREE HA/ DR CASE- STUDI ES

By taking a brief |ook at past HA/ DR operations we can

| earn general |essons that may be incorporated into our
13



nodel . W have chosen these three operations for severa
reasons. First, in each case, Mirines were directly
i nvol ved inmediately upon onset of the crisis. W believe
future crises will see the introduction of Mrines at onset
for two reasons: Marines are forward-deployed and thus
readily available, and the Marine Corps is equipped wth
helicopters, trucks, generators, anphibious craft, water
purifying equipnent, and nuch nore which enable it to
i medi ately save lives and offer assistance. Anot her
reason for studying this set of operations is their tasks
parallel the type of operations we wanted to nodel.
Finally, the three operations cover the spectrum of the
| evel of violence involved in HA/DR operations and cover
the degree of involvenent Marines had in rendering
humani tarian assi stance. Al though there are severa
studies containing summaries of past HA/DR operations, we
have relied on Trader et al., 1998 for this summary.

1. Operation Provide Confort

In |ate February and early March of 1991, lraqi Kurds,
enbol dened by the defeat of the lraqgi army, and with the
encouragenment of the U S. governnment, rebelled against the
| ragi governnent. The uprising was quickly and brutally
suppressed, causing over one mllion Kurds to flee into the
nmount ai ns of Turkey and Iran. The refugees suddenly found
t hensel ves without shelter and in need of water, food, and
medi ci ne. Thi s need, coupl ed W th sub-freezing
tenperatures, led to ranmpant exposure, dehydration, hunger,
and disease, as well as outbreaks of cholera, dysentery,
nmeasl es, and typhus. The President authorized an imedi ate
airlift of supplies, and a plan was drawn up to establish a

14



safe haven within Iraq and encourage the repatriation of
t he Kurds.

At this point it is essential to introduce the idea
that every HA/DR operation wll include tasks that are
political in nature. As egalitarian as we Anericans |ike
to believe we are, the United States governnment has an
opportunity and agenda that dovetail wth any imed ate
crisis. That is to say, while we may be feeding people or
delivering life-saving nedicine, there is a greater, |ong-
term political goal the United States hopes to further.
This point should not be considered callous or seen as
negati ve. It is sinply a function of trying to treat the
cause of a crisis as well as its synptons. For exanple, in
providing relief to the Kurds, we also hoped to nurture a
relationship with them that would one day be used as a base
of support in the ouster of Saddam Hussein fromraq.

The Operation Oder for Operation Provide Confort
i ncluded the follow ng tasks:

. Coordi nate drop zones and food distribution.

. Conduct census, organize canps and food and water
distribution, inprove sanitation, and provide
nmedi cal care

. Identify site locations for tenmporary shelter out
of the nmountains.

. Erect tenmporary living facilities.

. Rel ocate Iraqi Kurd displaced civilians to
supportabl e | ocati ons.

. Establish way stations along the routes between
ref ugee canps and Zakho.

. Prepare Zakho for refugees.

. Facilitate transfer of Kurds back to their hones.

15



. Integrate «civilian agencies into process of
getting Kurds out of the nountains and into
transition ref ugee canps, and eventual |y
returning themto their hones.

. Transfer admnistrative and support functions to
civilian organi zations.

Before beginning our analysis of this operation we
will introduce the other two operations and then summari ze
the I essons learned fromall three at once.

2. Operation Sea Ange

In May 1991, a cyclone hit Bangladesh killing nore
than 139,000 people and |leaving approximately 2.7 mllion

honel ess. The storm also caused extensive damage to the
country’s i nfrastructure, particularly r oads and
conmuni cations networKks. Seaports and airports were

i noperable, making it very difficult for assessnent teans
and relief agencies to enter the country. When relief

supplies were introduced into the country, the extent of

damage to the l'i nes of comruni cati on (LOO) made
distribution nearly inpossible overland. Hel i copters,

| andi ng craft, and anphi bi ous vehicl es were needed.

The President authorized U S. forces to conduct relief
m ssi ons. Because it was inportant to facilitate the
perception that the newy-formed denocratic Bengal ese
government was in control of the relief effort, Marines
conducted nost of their operations from off-shore. The

After Action Report described the follow ng set of tasks:

. Conduct surface and helicopter support m ssions
for disaster relief operations.

. Coor di nat e operati ons.

. Provi de communi cations capabilities and support

to assessment teans and NGOs.
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. Provide transport of relief supplies.

. Conduct reconnai ssance of rivers, |anding zones
beaches, cushion Ilanding zones, and |anding
sites.

. Conduct assessnents of areas requiring inmmediate
assi st ance.

. Load/ unl oad supplies at airports.

. Conduct damage, engi neering, and medi cal
assessnent s.

. Establish sites, where directed, to provide
wat er .

. Conduct daily coordi nati on nmeet i ngs wth
governnent of Bangladesh to coordinate relief
efforts.

. Coordinate wth other i nt ernati onal partners

assisting the relief effort.

3. Operation Restore Hope

Fol l owi ng the overthrow of the President of Somalia in
1991, the country deteriorated into anarchy as triba
factions vied for control. Incident to the fall of the
government, several humanitarian organizations had been
provi ding foodstuffs. These organizations imrediately
becanme the target of banditry and | aw essness, causing the
onset of a famne that eventually swept over the entire
country. The United Nations initially sent 500 troops to
provi de security for NG PVO relief workers. By the sumrer
of 1992 it was clear a stronger force was needed and a
| arge-scale relief effort was in order. The Ofice of
Foreign Disaster Assessnent, an arm of the State
Departnent, had estimated “one quarter of the popul ation at
risk of starvation, one-fourth of all children under the
age of five already dead and 800,000 Sonmalis displaced or
refugees” [9]. The President announced Operation Provide
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Relief to provide an energency food airlift. The mlitary

m ssi on had four objectives:

. Secure mmjor air and seaports, key installations,
and food distribution points.

. Provi de open and free passage of relief supplies.

. Provi de security for convoys and relief

organi zati on operations.

. Assist UNNGOs in providing humanitarian relief
operations under UN auspi ces.

E. LESSONS LEARNED

A large body of |essons |earned has energed from these
and other humanitarian operations. The list we present is
certainly not all-inclusive but contains the mgjor aspects
t hat shoul d be kept in mnd when planning HA/ DR operati ons.

. Plan the political, mlitary, and humanitarian
canpaign as a unified, whole effort.

. Initiate action as soon as possible. The nost
dramatic return on investnent of manpower ,

equi prent, and relief supplies is realized in the
initial stages of the operation.

. Set measur abl e and realistic tacti cal and
operational objectives with the end-state and
timeline in m nd.

. Continually reassess the political, mlitary,
security, and humanitarian situation with respect
to those objectives.

. As nmuch as possible, foster and maintain unity of
command and cohesion of effort anong the various
NGOs/PVGOs, mlitary, international, and host-
nati on agenci es.

. Wage a nultifaceted information canpaign ained at
the | ocal popul ati on and broaden public opinion.

. Do not settle for partial solutions that |eave
room for problens further down the road.

18



. Plan for a gradual turnover of the effort, from
mlitary and relief groups, to civilian and
i nternational devel opnment agenci es.

F. LEARNI NG FROM THE PAST

In the operations summarized and the |essons | earned,
there are a nunber of common ideas. W believe these ideas
will be comon to future HA/DR operations and try to
incorporate theminto our research nodel. W now describe
t hose el ements.

1. Convoy Operations

Each of +the abovenentioned operations involved the
transportation and/or distribution of relief supplies.
There are a nunber of ways to neasure the effectiveness of
such tasks. This is an aspect of HA/DR scenarios that we
can both nodel and neasure, so the core of our scenario is
built around a relief convoy enhanced with a Marine
security detachnent.

2. Humani tari an Assi stance Sites

In each of the case studies a secure HA site needed to
be established, and, in the case of the non-pern ssive
environnments, security of the relief effort itself was
undertaken. W have included two secure humanitarian sites
in our sinulation.

3. Cvil/Mlitary Cooperation

Throughout the |essons learned, and in each of the
operations presented, there was a call for deeper
mlitary/civilian coordination. In our nodel, Marines
provide direct support to a supply convoy. Wile we do not
explicitly formul ate agents or net wor ks to nodel
mlitary/civilian interaction, we believe our depiction is
general enough to consider the convoy as either an NGO PVO

or as a Marine Corps asset.
19



4. Ur ban Environments

There are two wurban scenarios that this thesis
attenpts to address. The first reflects the case where
affected people stay honme but still require humanitarian
ai d. The second considers the situation where people are
di spl aced and stay in a host community [IFRC, 1998].

In the first scenario, the affected popul ation renmains
in their hones. This is usually the case when there has
been a natural disaster such as a hurricane, flood, or
eart hquake that does not necessarily destroy hones,
al though they may be danmaged, but does cut off or infringe
on | ocal services. This situation may also arise, as in
our simulation, when there is short-term fam ne. Whenever
residents have the option to stay in their own hones they
wll choose to do so, because they are famliar with the
surroundi ngs, can prevent looting, and can nove within the
famliarity and security of their local comunity. In the
long run this is a nmuch nore sustainable solution which
facilitates a quicker return to normalcy than responses
which require residents to relocate. In such cases there

is potential for the enmergency to be short-1lived.

The second scenario involves people who are displaced,
by either a natural or man-nmade disaster, and stay in host
comunities. For exanple, extensive flooding or regiona
civil strife may drive people fromtheir hones. They wll
often mgrate to the next closest population center or the
| ocation of their closest relatives. When this happens,
governments and agencies will need to provide relief to the
entire popul ation since both residents and di spl aced people
are affected. Qur nodel easily enbodies this scenario if

20



we consider the HA sites as community feeding centers,
simlar to our “soup kitchens.”
G DETERM NI NG A MEASURE OF EFFECTI VENESS ( MOE)

1. VWhat is an MOE?

An MOE is an objective, quantitative expression of
performance appropriate to the context in which it is being
used. Generally an MOE relates resources input to obtain a
gi ven nmeasure of output. An MOXE nust have real scal es upon
which to neasure inputs and out puts. Schrady says, “MOEs
in the affairs of man and society tend to be relative
rather than absolute” [ Schrady, 1989]. | denti fyi ng
appropriate MOXEs in HADR operations wll always be
controversial because of the political nature of the
operations thensel ves. A Center for Naval Analysis report

[ CNA, 1996] identifies five types of neasures.

The five nmeasures they offer are applicable only
within a given level of warfare -- tactical, operational,
or strategic. Following are the five neasures and what

they are intended to reveal:

. Level -of -Effort neasures describe the magnitude
of specific force actions. Exanples include tons
or food delivered or nunmber of convoys escorted.
As such, these neasures are not MOES but give
support to MOEs.

. Task-performance MOES enconpass nany of the
actions described by individual |evel-of-effort
measures, placing these actions into a |arger
cont ext . These nmeasures conpare the action

undertaken to address a specific situation wth
the total requirenent.

. M ssion-level MOEs are broader still, providing
insight into progress toward the larger political
obj ecti ves.
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. Transition neasures provide insight into progress
toward the transition of responsibilities to
anot her force or organization.

. Ceneral indicators provide insight into progress
on inproving the situation. These are a non-
guantitative tool — a supplenent to MOEs — that
can indicate progress. An exanple would be
crowds returning to market pl aces.

So, fromthe |list above, we see we can neasure effort
at the task level or the mssion |evel. Level -of -effort
measures Wl | support our t ask- perfornmance neasures.

Transition measures are beyond the scope of what we intend

to cover; nor we wll we consider general indicators.
Furthernore, it wll help to Iimt our discussion to the
tactical |evel. At the operational Ilevel or above we

quickly get tied to political objectives that are neither
easily defined nor readily neasurabl e.

2. Common Probl ens i n Choosi ng an MOE

In October of 1998 Hurricane Mtch veered toward the
countries of Belize, Honduras, El Salvador, and Guatenal a
with initial sustained wi nds recorded at 180 mles per hour
and gusts reaching well over 200 nph, making Mtch one of
t he strongest hurricanes ever. By the tine Mtch reached
the coast, its wnd speed and rate of advance slowed
consi der abl y. Mtch covered only 600 mles in 6 days at a
sustai ned speed of only 4 knots. Its torrential rains
unl eashed massive floods and nudslides wth devastating
results. In Honduras alone there were an estimated 6,000
deaths and 8,000 nore people m ssing. A staggering 1.4
mllion were |eft honel ess! To put this in perspective,
“If the population of the United States suffered a disaster
on the sane scale as the popul ation of Honduras, Hurricane
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Mtch would have killed 250,000 Americans and forced one
out of every four U S. citizens fromtheir honmes” [ QASDPHA,
2001].

Sout hern Conmmand reported t hat U. S forces

reconstructed 162 mles of roads and 13 bridges, a

substanti al acconpl i shnent considering the |ogistical
challenges of operating in an inaccessible, austere
envi ronment . On the other hand, critics have said these

construction projects amunt to less than 2% of the
hi ghways danmaged in Honduras and N caragua al one, and about
4% 6% of the bridges damaged or destroyed in the four
affected countries [ OASDPHA, 2001].

Here we have an exanple of mneasurable objectives --
the nunmber of mles of road rebuilt and the nunber of
bridges repaired. However, we are |left wondering about the
priorities of these  objectives relative to other
objectives. It may be that building roads, while necessary
for long-term redevel opnent, pales in conparison with the
need for the production and distribution of potable water,
for exanple. The other problem Southern Command’ s critics
bring out is we need to neasure our objectives as ratios or
rates relative to sone established standard. For exanpl e,
counting the nunber of people fed is only informative when

we know what percentage of the popul ation required food.

Another problem noted wth sone MXEs is their

conprehensi veness or ability to fully neasure for mssion

success. W may be required to inplenent several MOEs to
conpletely assess how we are acconplishing the list of
t asks. W want to ensure we are measuring the

effectiveness of the effort as a whole and not just one
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aspect of the effort or our local piece of the relief
m ssion. Reliance on a single MOE to account for a problem
with rmany causes is inadequate. A conbination of
nmeasurenents anong the various agencies will ensure we are

capturing the totality of the relief effort.

A second concern is sensitivity to trends. MOEs
should be fornulated in such a way as to collect
information that will identify trends. In HA/DR operations
it is often nore inportant to note trends, such as the rate
of decline in the nunber of dysentery cases, than sinply to
collect strict nunbers. There is an art to choosing an MOE
that neasures what we want to test in a way that does not
assume away tangent factors.

3. Qur Choi ce of an MOE

Based on the preceding discussion we settled on a
t ask- performance MCOE W wll neasure the ratio of
neutrals fed to the total population. Admttedly, in part
we have chosen this MOXE because we are forced to work with
the neasurenents that the software provides but we still

believe this is an appropriate MOE and offer the follow ng

justification. The CNA suggests that MXEs neet the
following criteria [CNA, 1996]:

. The MOE should relate to the overarching m ssion
not solely on the mlitary task. Qur ratio does
t hat .

. Measurenents should be neani ngful. They should
focus on the effectiveness of a task rather than
on acconplishing the task. So the ratio is
preferable to, say, tinme to conplete the m ssion.

. MOEs should be tinely or responsive to changes
they are trying to neasure. The ratio of the

nunber fed is sensitive to trends.
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. MOEs should be cost effective. Col l ecting the
information to assess one's effectiveness should
not put an undue burden on those providing
relief. Qur ratio is sinple to compute given
that we know the population of the affected area
and can count the nunber of people we serve.

There are two final notes to include: established
standards within the relief community and how the DOD is
nmeeting that standard. In 1998 a global conference was
held for the purpose of adopting international standards
for humanitarian relief. The project is known as the
Sphere Project and the result was the Humanitarian Charter
and Mninmum Standards in Disaster Relief [The Sphere
Proj ect, 2000]. This docunent has becone the standard in
HA/ DR pl anning and executi on. For exanple, we find that
the mnimm daily food requirenent is 2,100 kcals per
person per day. Additionally, 10-12% of total energy is to
be provided by protein and 17% by fat.

When considering our MXE we reasoned through what
exactly it nmeant to feed the neutrals in our scenario. The
Department of Defense inventory includes Humanitarian Daily
Rations (HDRs) intended to nmeet the standards set forth by
the Sphere Project [DLA, 2003]. HDRs are designed to be
culturally neutral; to provide the widest possi bl e
acceptance from potential victinms of wvarying religious,
cultural, and dietary backgrounds. Each HDR contains one
day’s supply of food and there are 10 HDRs packaged per
case [DLA]. One nmedium [ift mlitary vehicle can easily
carry three pallets, and each pallet holds 24 cases. So 3
pallets X 240 HDRs = 720 neal s per truck.

In our scenario we have 70 neutrals, each representing

a household of 8 people. So the daily requirement is 8
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people per famly X 70 famlies = 560 neals. W can see
that even one truck easily neets the daily requirenent.
The notion is that this relief convoy would be serving

several areas.

The next chapter begins with a conparison of MANA to
ot her agent-based nodeling environnents. W wll fully
explain the notivation behind using MANA to develop our
scenario. W define all of the variables used and justify

t he ranges we chose to vary.
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I'11. MODEL DESCRI PTI ON

Havi ng precise ideas often leads to a man doing
not hi ng.

Paul Val ery (1871-1945)
Early, 20'" Century French Poet

A CHAPTER OVERVI EW
This chapter covers the genesis of MANA and how to

build scenarios in MANA. W hope to |eave the reader with

a thorough understanding of how the nodel works. Qur
scenario, and its evolution over time, wll be considered
extensively. W will outline the numerous sanple runs nmade
to determine our final factor settings. Appendi x B

contains a detailed explanation of the nodel paraneters
along with the ranges we chose to sanple. Before begi nning
however, a discussion of alternative agent-based nodeling

environnents i s warrant ed.

The author’s initial concept was to set up the sane
scenario in three different PA agent-based prograns, MANA,
PYTHAGORAS, and SOCRATES [ Proj ect Al bert, 2003] .
| npl enenting the same scenario in all three environments
was seen as a way to try to validate the results between
progr ans. A good deal of tine was spent setting up the
scenario in the three prograns; they each have strengths
and weaknesses. After exam nation of program assunptions
and experience in setting up and executing scenarios, it
was deened this approach was not feasible because of the
differences in the wunderlying novenent and personality
algorithns, not to nmention the differences in interactions
between terrain and agents, wthin the nodels. The

resulting nodels were very different when we used separate
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agent - based approaches. MANA was selected as the program
of choice based on the conpatibility of its assunptions and
algorithnms with the research objectives.

B. AN | NTRODUCTION TO NMAP AWARE NON-UNI FORM AUTQOVATA
( MANA)

Much of the information in this section of the chapter
is taken fromthe MANA User’'s Manuals, versions 2.0 and 2.1
[ St ephen et al., 2002 and Anderson et al., 2003]. First we

will identify why MANA was created and what types of
guestions are appropriate for MANA to answer. Next, we
will connect our research to this tool by naking clear how

we intended to exploit MANA's strengths to answer our
guestions of interest. CGeneral squad characteristics,
terrain properties, and communications are defined in the
foll ow ng sections. The last partition uncovers what we
believed to be “bugs” in MANA

As an overview, MANA is an object-oriented program
witten in the Delphi Object Pascal |anguage. MANA files
are saved as xm files making them easily transportable
over the web. A single MANA run requires the xm scenario
file as well as a terrain map in bitmap fornmat.

1. The Purpose of MANA

MANA was devel oped by the Defence Technol ogy Agency
(DTA) of the New Zeal and Defence Force. They saw the need
for a simulation that was |less scripted, easier to set up,
and nore representative of the interactions and intangibles
of warfare than currently available in conventional conbat
nodel s. The wuser’s manual opens wth the follow ng
statenent, “The history of physics has been characterized

by the search for systens sinple enough to be able to be
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described with a high degree of accuracy by mathenatical

equations.” However, the devel opers then go on to say,

To this day, there exists no set of equations
that can wth absolute certainty predict the
evolution of the vast mmjority of phenonena we
see in everyday life for any significant period

into the future. Therefore, to rely on nodels
built “on a bedrock of physics” is to deceive
our sel ves. It is a nyth that a nore detailed

nodel is necessarily a better nodel, because it
is inmpossible to capture accurately every aspect
of nature. In fact, the nore detailed a nodel
is, the nore obscure its workings, a problemthat
is conmpounded if the wuser is not the nodel

desi gner. Furthernore, the non-linear nature of
equations describing many real world phenonena
nmakes them extrenely sensitive to initial
condi ti ons. This nmeans that even infinitesinmal
errors in describing the real world initial
conditions wll cause the nodel to nake
predictions that are alnobst wuncorrelated wth
actual events [Anderson et al., 2003].

It was for this reason DTA devel oped MANA as a neans of

expl oring conpl ex probl ens.

MANA is designed to quickly build scenarios addressing
a broad range of problens. The behavior of agents is
deci dedly not pre-potted. DTA argues that, “there seens to
be a school of analysts who believe that just because they
have an equation to describe sonme aspect of a scenario,
then that aspect nust be nore “real” than the aspects of
the scenario that cannot be so easily described.” DTA s
belief is that the nore difficult an aspect is to describe
the nore inportant it is. So they based the devel opnent of
MANA on two key ideas [Anderson et al., 2003]:

29



. That the behavior of the entities within a conbat

nodel (both friend and foe) is a critical
conmponent of the analysis of the possible
out cones.

. That we are wasting our tine with highly detail ed

nodels for determining force mxes and conbat
ef fectiveness.

2. Wiy We Chose MANA

G ven the nature of HA/DR operations described in the
| ast chapter, it seened to us that to try to explicitly
nodel an urban humanitarian crisis would be an arduous and
futile task to say the |east. An agent - based approach,
capturing just the essence of the problem was certainly a
nore attainable objective. Furthernore, our assessnent
foll owed that of DTA regardi ng robustness. The conplexity
of HA/DR operations nmakes it nearly inpossible to build a
scenario that is even the slightest bit robust. If we
attenpted to nodel a very specific scenario, that conplex
nodel woul d have been necessarily scripted and, although it
may have provided nore concrete answers to an exact
situation, would not in general give us a transportable set
of concepts or enable us to extrapol ate. W set out, not
to find the answer, but to learn what is inportant when
faced with a situation where a forward-deployed MEU,
operating in a third world city, was tasked with a food

distribution relief m ssion.

It is inportant to point out MANA's limtations; MANA
is not intended to describe every aspect of an operation.
The nodeler nust have a clear idea of what he or she is
intending to nodel as the scenario is set up. Wth a
general idea of how the scenario should unfold, we began
experinmenting with the various paraneters by trying them at
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different levels. As an exanple of the nonlinear nature of
conpl ex adaptive systems, we observed odd behaviors of the
convoy, including driving through buildings on sone
realizations and behaving nore as expected, 1i.e., not
driving through buildings, on others given the sane
paranmeter settings. This is just one exanple of the non-
linear nature of CASs and characteristic of the type of
behavi or expected from MANA. Wiile we were frustrated with
these outcones and tried to vary settings to force these
“m stakes” out of our nodel, we concede the randomess and
unpredictability were exactly what we desired. W wanted a
medium that would allow for a great range of possible
outcones and answers. It has been this author’s experience
that there is certainly not one right way to do | ogistics.
Furthernore, while we enunerated general rules of thunb for
HA DR operations in Chapter I1, each real situation is
dependent on a huge nunber of variables, nost of which are
outside of the control of the |ocal commander.

In the end we chose MANA because it provides a nmedi um
for assessing global outcones resulting from thousands of
| ocal decisions. W believed this was an appropriate too
to accurately describe HA/ DR operations and, particularly,
t he confluence of logistics and humanitari an assi stance.

C. FEATURES W THI N MANA

In this section we will present the workings of MANA
as we describe in detail the evolution of our nodel.

1. Squad Properties in MANA

Squad paraneters in MANA can be divided into four
groups: personality weightings, nove constraints, basic
capabilities of automata, and options that affect novenent

characteristics.
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Personality weightings determne an automata’s (or
i ndi vi dual agent’s) propensity to nove towards or away from
somet hi ng. An agent nmay be weighted to approach or flee
fromfriendly or eneny units, its waypoints, easy terrain,

or its final goal

The second set of paranmeters deals wth nove
constraints. Move constraints act as conditional nodifiers
to this process. For exanple, the Custer paraneter turns
off an automata’ s propensity to nove towards friends when
those friends are clustered together in a greater nunber
t han sonme specified size. The Advance constraint prevents
an agent from noving towards its next objective w thout a
m ni mum nunber of friendly units acconpanying it. Finally,
the Conbat constrai nt determnes the mninum | ocal
numeri cal advantage a group of agents requires before they
attack an eneny.

The third set of par anet ers descri bes basi c
capabilities of automata such as weapons, sensors, nobvenent
speed, and interactions. Closely tied to these settings is
the Situational Awareness (SA) map which allows agents to
communi cate the position of eneny to other friendly agents.

The final set of paraneters provides options on the
novenent characteristics of the agents, including things
like whether the terrain will effect their novenent, the
degree of randonmess when choosing a nove, and if obstacles
shoul d be avoi ded. This final set of paraneters wll be
induced to a greater or |esser degree depending on the type

of agent bei ng nodel ed.

32



2. Terrain in MANA

The default board in MANA is a 200 x 200 grid of
cells, and there are four different types of cells
representing different aspects of novenent potential. Each
cell can be occupied by only one agent at any given tine
st ep. The different types of cells have differing effects
on novenent. Some allow free novenent while others
conpletely restrict novenent. Sonme serve as barriers to
i ne-of-sight, provide cover or conceal nent, or affect the
speed of an agent as it noves through the area.

Billiard Table cells are plain terrain with no speci al
properties. Billiard Table appears black in color within
t he nodel. The second type of terrain or cell is Easy

Going terrain which represents roads or other regions
attractive to agents who are paraneterized to prefer this
type of terrain. These areas are represented in yellow in
MANA. Walls, the third type of terrain, are shown in |ight
gray. No entity may occupy or nove through a Wall cell and
agents cannot see through Walls if the line of sight
feature is activated. The fourth type, Light and Dense
Brush, appear green and can be set to provide varying
degrees of cover and concealnent as well as to have an

ef fect on novenent speeds.

Terrain is introduced into a MANA scenario by | oading
a bitmap into the MANA file. The bitmap could be a
scenario drawn by the nodeler, an actual map, a picture, or
any other imge translated into bitmap form MANA agents
will only recognize green, yellow, gray, and black however.
The program attenpts to interpret the image in these four
colors and the agents will act on that translation. MANA
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offers a feature called terrain as seen by agents that
allows the nodeler to determne how the bitmap has been
translated into colors interpretable by the agents.

3. The Situational Awareness (SA) Map in MANA

Agents form squads and squads band together to form
al | egi ances. Agents wth the sanme allegiance share
information by way of the Situational Awareness (SA) map
shown in Figure 2. This map is a nenory of the |ocations
of eneny squads in the form of a collective picture of
sensor information. As such, the SA map is always being
updated by any agent within the squad who has information
on the Ilocation of eneny agents. In this way, MANA
portrays conmunication between squads and between agents

within a squad.

Situational Awareness of Squad

;I Squad # 1 g g:n: S S::;I ||: ?h“:' |§u"v
- Show F
Blue Vs .

Fi gure 2. Sanpl e Situational Awareness (SA) Mp.
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Eneny locations on the SA map are col or-coded. The
squares indicate the |ocation of the eneny while the rings
show their threat influence. Red represents eneny with the
hi ghest level of threat, yellow is a nmedium threat eneny,
and light gray shows the eneny | am least afraid of. Wen
squads are created, they are given a threat level as a

characteristic and this threat level is global. I n ot her
words, that squad will appear as that level threat to any
ot her squad not of the sane allegiance. For exanple, it

may be a squad of tanks is |abeled threat | evel 3 whereas a
squad of neutrals receives a threat |evel of 1.

A squad’s personality paraneters can be used to get
entities to respond to different threat levels in different
ways. MANA allows the nodeler to cause agents to either be
attracted to or be repelled by eneny agents of particular
t hreat s. Furthernore, we have the latitude to pursue any
of the threats nore or |ess vigorously by manipulating an

agent’s personality paraneters.

MANA uses the threat persistence paraneter to specify

how long a sighting will remain on the SA map. This factor
is a way of indicating the transient nature of
intelligence. After sone time, intelligence my becone
unrel i abl e. Caution nust be exercised when varying this

paranmeter because the longer the threat persistence the
| arger the nunber of sightings that will remain on the SA

map. There is the potential for information overl oad.

The circle around an agent on the SA map, as shown in
Figure 2, shows the region in which that agent wll react
to an eneny. For exanple, just because an automata knows
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an eneny is present at a certain location does not
automatically nean the agent wll react to that eneny.
Only when an eneny enters the circle will a reaction be
triggered. This allows agents to keep their distances from
known eneny positions, wthout necessarily running away
from them Likewise, if an agent’s personality is such

that it chases enemes, threat influence represents how

cl ose that eneny needs to be before the agent w Il bother
chasi ng. The threat influence paraneter lets the nodeler
specify this range at which action will be initiated.

4. “Bugs” in MANA

We encountered three main problens with the nodel.
The first was sinply a clarification which should be nade
to the docunentation. In the user’s nmanual threat
i nfluence was presented as the radius of the ring around an
agent which will induce another agent’s action. I n ot her
words, if a truck agent’s threat influence ring is |arger,
neutral agents will respond differently than if the ring is
smal | er. In reality, this ring will induce the actions of
the agent owning the ring. A larger threat ring around the
truck will cause that truck to react differently than if

the ring were smal l er.

We stunbl ed upon our second problem when we made runs
for our full nmodel. MANA's user nanual indicated the range
of the precision paraneter was from zero to 1000. W found
if we entered zero locally, MANA would default and put a
value of one in its place. Prior to discovering this, we
sent off our design to be run on the superconmputing cluster
with the |owest precision design point set to zero. Qur
results indicated, when the nodel was running in batch

node, MANA did not default the setting to a one. At this
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point the problemis being researched and we do not have a

concl usi ve answer as to what happens in batch node.

The third problem we discovered early on; it has since

been correct ed. This problem was in the way the novenent
al gorithm had been coded. MANA used three digits to
cal cul ate speed; call them YXX If XX was 00, then the

agent would nove Y spaces with 100% probability but if XX
was anyt hing other than 00, then the agent would nove Y + 1
space(s) with probability XX% So a speed setting of 050
woul d cause an agent to nove zero spaces 50% of the tine
and one space 50% of the time. But a speed of 150 produced
a counterintuitive effect. It nmeant the agent would nove
zero spaces 50% of the tine and two spaces 50% of the tine.
The speed settings have since been changed to be strictly
i ncreasing, so that an agent whose speed is 150 will nove
one space 100% of the time and an additional space 50% of
the tinme.

Alittle further discussion is warranted. W found it
appealing that there was randommess in the way MANA
cal cul ated novenent. When we thought about what affect
this algorithm m ght have on convoy novenent behavior we
noted it allowed for stuttered, variable novenent rates
rather than strictly constant speeds. We believe stops-
and-starts nore appropriately depict novenment of vehicles,
and individuals for that mtter. On the other hand,
setting the novenent speed too high will cause entities to
“junp” ahead several grids in a single time step with the
effect being that they pass through walls or go undetected

by other agents. This we did not want so we consi dered our
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novenent speeds very thoroughly and chose paraneter val ues
whi ch woul d not allow for this possibility.
D. OUR URBAN, HA/ DR SCENARI O SETUP | N MANA

This section wll provide a detailed description of
our scenario and then explicate the specifics of each
squad. Appendi x B provides a conprehensive listing of the
paraneters, how they are mani pulated within MANA, and what
we bel i eve t hey r epr esent in t he “real wor | d”.
Furthernore, the appendix provides justification for the
ranges we chose for each of these factors. Wi | e reading
t hrough this nodel description, we suggest the reader refer
to Appendix B as well.

The scenario, shown in Figure 3, depicts a convoy
operating in an urban environnent. The convoy follows a
given route to the southern HA site where they distribute
food to neutrals who have made their way to that site. The
simulation runs for 1000 time steps and we do not vary this
in any of our runs. Each run begins slightly differently
because of the random placenent of squads within a defined
border at the start of the run. These random starting
| ocations are reset each run. Figure 3 shows the scenario

just after starting a run.
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Fi gure 3. Begi nning of a Run.

In Figure 4 Blue agents, representing a convoy of
Marines (or a relief agency with a Marine security escort),

drive across the top of the screen until they cone to their

first waypoint, represented by a blue flag. They nake a
| eft-hand turn and continue south. The yellow agents are
neutral s. The northern neutrals are making their way to

the HA site closest to them represented by the yellow flag
in the center of the upper screen. Concurrently, southern
neutrals nove towards the southern HA site. The red agent
is searching for the convoy and intends to fire at the
Marines and then quickly run away. Figure 4 depicts the
action of the aggressor.
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Fi gure 4. Convoy passes northern neutrals; they begin to
chase. Aggressor takes a shot at the convoy.

If the trucks pass within the northern neutrals threat

influence ring they will speed up and try to follow the
trucks. As the convoy is passing by, the red agent wll
take a shot and then try to run away. If the security
el enent can identify the aggressor it wll return fire.
The convoy’s response will be to speed up and drive out of
the area. The convoy will eventually rmake their way to the
southern HA site and begin feeding the neutrals. This is

shown in Figure 5.
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Fi gure 5. The convoy feeds neutrals at the southern HA
site.
In the next section we will step through the process

of how we built our squads in MANA. W have five squads: a
convoy of four trucks; the security attachnent, a single
vehicle; 35 northern neutrals; 35 southern neutrals; and
the red agent.

1. Squad Ceneral Properties Tab

Creating a squad in MANA begins on the squad general
properties tab (see Figure 6). Here we nane the squad, set

the nunber of agents in the squad, establish the starting

position, place the waypoints the squad will follow and
set up features relating to how the squad wll appear on
t he SA map.
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Edit Squad Properties
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Fi gure 6. Sanpl e Squad Ceneral Properties Tab

W establish starting points by first drawing a
starting box. Next, we specify the (x, y) coordinates of
the center of that box and define the height and w dth.
Agents are then randomy placed anywhere within the box at
the start of each run. In our nodel we set up two such
boxes; one in the upper half of the screen and the other in
the |ower half. Qur northern and southern neutrals begin
each run in those boxes respectively. The aggressor agent
has the run of the entire screen as a starting |ocation.
Right at the start of the scenario we have introduced
random starting |locations for the neutral agents and

believe this effectively describes our urban scenario.

The convoy always starts in the wupper right-hand
corner and follows a prescribed route to the southern HA
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site. Marine Corps doctrine requires the Convoy Comrander
to plan the convoy route prior to stepping off.
Predetermning the route allows |eaders to plan for actions
to be taken at choke points, rehearse timng, plan on-call
targets, coordinate conmunication signals, and determ ne
appropriate road march and catch up speeds. Setting
waypoints in our scenario is akin to determ ning the convoy
route. The only other waypoints used were set at each of
the HA sites as a neans of attracting the neutrals to these

sites.

There are two other points to make about the Squad
CGeneral Properties Tab. First, the conmms delay paraneter
allows the nodeler to dictate the nunber of time steps it
takes before eneny detections appear on the SA nmap. Thi s
represents a delay in processing and conmuni cating incom ng
i nformation. Because we set our scenario in an urban
envi ronment we consi dered conmunications as sinply word-of -
mout h.  As such, conmmuni cation would be inprecise and sl ow,
relative to a defined conmmuni cati ons network. On the other
hand, there were a large nunber of neutrals posting
information to the SA map so we did not think this
paraneter would make nuch difference after the initial
sightings. To test all of the possibilities we varied the

length of time until postings w dely.

The second feature to draw attention to is the neans
in which MANA conbines information. The HQ squad
identifier indicates the hierarchy anbng squads. Al
squads of the sane allegiance with the sane HQ squad share

the sane SA nmap. This allowed us to align the red agent
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with the nass of neutrals. W wanted to get at the idea
that the aggressor could easily blend in with the crowd.

2. Squad Personality Properties Tab

The personality properties tab is where we set the
personality weightings that drive automata toward or away
from goals, friendlies, or enemes. The other basic
feature on this tab is the nove constraint settings that
nodi fy novenment propensities by restricting or constricting
them Figure 7 captures this tab and Table 1 describes the
wei ghtings in nore detail.

Edit Squad Properties

General Personality | Rangesl Additional Weapunl I'ulwementl

Weighting Min Distance Move Constraint

Alive Friendlies 10 [+] -l |I] j Alive/Inj Friends II] 3, Cluster

Injured Friendlies 0 [« _[ | " Squad Only & All Friends |

Alive Enemies 20 [+] _| | IU j Alive Enemies |1 3. Combat
Alive Neutrals 0 I I 'I IU v| Alive Neutrals
Next Waypoint 60 [+] | Bl IU ﬂv Next Waypoint IU ﬂv Advance
Alternate Waypnt 0 [«] | ] IU v| Alternate Waypnt
Easy Going 0 [« | 3
Cover 0 [« | v
Concealment 1] I I "I
Enemy Threat 1 0 [« | 3
Enemy Threat 2 0 [« | 3
Enemy Threat 3 0 [« | 3
Distant Friends 0 [« | 3
Centre Line 0 [« | v
90 Total

fero | Mormalize |

Figure 7. Sanpl e Squad Personality Properties Tab
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Description

Controls propensity to nove toward/ away from

Alive Friendlies

Agents of sane all egiance within sensor range

Injured Friendlies

Injured agents of sane allegiance within sensor
range

Alive Eneni es

Agents of eneny allegiance within sensor range

Alive Neutrals

Agents of neutral allegiance within sensor range

Next Waypoi nt

The next waypoi nt agent's squad has been assi gned

Al ternate \Waypoi nt

The alternate waypoi nt agent's squad has been
assi gned

Easy Goi ng

Areas with easy going within 5 pixels of agent

Cover

Areas with protection fromfire within 5 pixels of
agent

Conceal nent

Areas which inprove stealth within 5 pixels of
agent

Eneny Threat 1

Enem es in SA map which are of Threat Level 1

Eneny Threat 2

Enenmies in SA map which are of Threat Level 2

Eneny Threat 3

Enenmies in SA map which are of Threat Level 3

Di stant Friends

Agents of sanme all egi ance anywhere on map

The center line (defined as |line between the

Center Line . )
current and i medi ately past goal)
Table 1. Squad personal ity weighting vari abl es.
We have nodel ed the convoy with weights that pull them
toward their waypoints and toward one another. After many,

many hours of

factors provided the nost control for

experinmentati on,

we discovered these two

getting the convoy to

acconplish its m ssion. In our full nodel we varied the
wei ghts of these tw paranmeters in order to indicate
differing levels of uni t cohesion and discipline.
Additionally, we were interested in seeing what would
happen if we strengthened their attraction to injured

menbers of the squad.
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The neutrals on the other hand were much nore |oosely
wei ght ed. W generally wanted them to go toward the HA
site and prefer to stay together but neither of these
wei ghtings was particularly strong. The northern neutral s’
desire to chase the convoy was acconplished by increasing
their attraction to the convoy and zeroing out their
i npetus toward the northern HA site once contact was nade.
Initial runs provided the range of values we studied in our

full nodel.

The aggressor agent had, as his min objective, the
convoy. Dependi ng on whether he had taken a shot or not,
he was drawn toward the trucks or repelled from them
Before the shot we had him seek out the convoy. Once the
red agent had fired, his weighting changed to a negative
value, the result being that he “ran away.” Additionally,
the aggressor wanted to hide anong friends, acconplished by
an attraction toward friends weighting, and opted for easy

terrain, cover, and conceal ment when fl eeing.

Next we will treat the mninum distance and novenent
constraints. These provide nodifiers on the personality
wei ghtings. For exanple, the mn distance to alive enem es

variable I|imts +the distance to which an agent wll
approach an eneny. The value entered is the mninmm
di stance the agent will try to nmaintain in terns of nunber

of cells. W did not use any mninmm di stance settings in

our scenari o.

The constraints conme in three types. The cluster
constraint is intended to prevent the build up of clusters
of friendly entities above a certain size, determ ned by

the value of this paraneter. Conmbat constraints prevent a
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squad from advancing on an eneny wthout a nunerical
advant age. MANA counts the nunbers on each side wthin
sensor range, than conpares the two nunbers. For exanpl e
a value of 5, input here for a blue squad, neans there nust
be 5 nore blue agents than red before blue wll advance.
Finally, the advance constraint works in the sane way to
prevent a squad from advancing toward its next waypoint
wi thout a sufficient nunber. W did not invoke any of the
constrai nt paraneters.

3. Squad Range Properties Tab

The squad range properties tab, Figure 8, is divided
into the followi ng four sections: general information about
the squad; sensor range; fuel information; and paraneters
controlling eneny interactions.

Edit Squad Properties

Generall Personality Ranges |Additiuna| Weapunl Muvementl

GENERAL Sensor Range |4" 3-

t lcon |1 v|

Allegiance |1 -

Threat |3
ENEMY INTERACTION

Movement Speed 100 2| 1on
Stealth |0
Waypoint Radius |2
Mo. Hits to Kill |1

SINENN

EU Max Targets /Step 10 5| /100

ol el ulu

Prob Refuel Neutral |0 =

ol

SA Lockout Time

Fuel Rate I'"m ﬂv Firepower
Shot Radius
Refuel Trigger Range IU 3,
Firing Range |30 -
Prob Refuel Enemy IU 3, ] q
I 3 Armour

Prob Refuel Friend |0 -

Set to Defautt |

Fi gure 8. Sanpl e Squad Range Properties Tab
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The general information lets the user select an icon
for the squad, assign its allegiance, establish the threat
| evel which will appear on an eneny SA nmap for that squad,
specify the squad s novenent speed, and dictate how close
the squad nust cone to its waypoints. W wll dwell on the
novenent speed briefly. W felt from the very beginning
the convoy's speed should be no nore than four tines the
speed of the neutrals. This was partly based on real world
assunptions and partly on MANA peculiarities explained in

t he next paragraph.

W wanted to encourage the northern neutrals to chase
t he convoy. After all, the intent was to feed as many
neutrals as possible. W began with the assunption the
average wal king speed of the neutrals should be around 3
nph based on the author’s Marine Corps experience where we
set our march rate at between 2.5 and 3 nph. Since there
is no way to explicitly code 3 nph we nade the neutral
speed and convoy speeds relative to one another. So
t hrough our judgnent we set the convoy speed at 4 tines the
northern neutrals’ wal king speed and nade variations around
t hese starting val ues.

The other oddity we needed to work around was the
nunber of time steps used in the scenario. The faster we
set the speed of the convoy, the quicker they reached the
HA site and shut down while they conducted feeding
oper at i ons. It would not do to have the convoy reach the
HA site within 10 tine steps, for exanple, and then sit

there for another 990. So we needed to choose a range of

48



speeds that nade sense and did not require us to change the

run time for different speeds.

Continuing on with the squad range properties tab, the
fuel variables attracted much of our tinme and effort during
the initial setup as we searched for a way to directly
measure | ogistics support. The variables were fuel tank,
the amount of fuel with which an automata begins the run;
fuel rate, the amount of fuel consumed per tine step;
refuel trigger range, within this distance an entity nmay be
refuel ed; and probability to refuel neutrals, friends, or
enem es, the probability that one of these agents, wthin
the refuel trigger range, wll be refuel ed. Qur preferred
choice for an ME would have been to use these paraneters
as a neans of neasuring food distribution nore specifically
and nore accurately. W intended to begin the scenario
wi th each neutral having a set anount of “food” and would
have decrenented that food with each tinme step. W woul d
have then set the probability to refuel neutral paraneter
in such a way as to cause the convoy to pass food to the
neutrals. This would have allowed us to neasure the anount
of food delivered relative to the need. After many hours
of work in an earlier version of MANA we were unable to set
this up. The current version of MANA allows a formof this
but we have not gone back to reset our scenario. This type
of analysis will be one of our recomrendations for further

wor k.

Now we discuss the eneny interaction set of
paranmeters. Stealth is intended to represent how difficult
it is to see an entity once it is within an eneny’s sensor

range. The red agent invokes this factor after taking a

49



shot at the convoy. W varied the nunmber of hits to kill

paranmeter in order to nodel various types of arnor
protection on the convoy. If this factor is set to any
nunber greater than one, the nodel labels an entity

sustaining the first hit as injured thereafter.

Max targets per step is the nunmber of targets within
sensor and firing range that can be engaged per tine step
di vi ded by 100. Dividing the nunber allows for fractions
of targets and works in the same way that novenent speed is
cal cul at ed. So a 150 setting nmeans that one target is
engaged with 100% probability and a second target is
engaged 50% of the tine. We used this variable to node
the type of weapon the red agent carried; single shot or
automatic. The aggressor’s firepower value, or single shot
kill probability (SSKP) was varied over the entirety of the
range. We reasoned that he could choose the tinme and pl ace
of his shot on the one hand but, on the other hand, his
shots would be poorly ained. The Marine's return fire was
considered to be fairly inaccurate though because they
woul d be reacting i nstinctively, wi t hout conpl ete
information on the source of the shot, and while trying to
drive out of the kill zone.

We considered varying the firing range factor but, in
the end, thought that realistically the canalizing effect
of the streets, as well as the built up nature of urban
terrain would limt the effective range of any type of
weapon to the line of sight range of the shooter.
Therefore, we set all weapons’ ranges and did not change

t hem t hr oughout the runs.
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Finally, we wanted to nodel the differences that
different types of weapons would have on m ssion success.
What would be the difference if the red agent carried a
rocket propelled grenade versus an AK-47. The shot radius
variable sets the radius of the SSKP. Shot radius then
allowed the introduction of area fire weapons in addition
to point direct weapons. It should be noted that an agent
will not fire an area fire weapon unless that agent is
outside of the range of the blast radius. However, if the
weapon is fired, friendlies my be injured just the same as
eneny agents.

4. Squad Movenent Tab

The final tab is the squad novenent tab, Figure 9,
which allows the analyst to choose between novenent
algorithns, set the degree of randommess when noving, and
dictate squad novenent characteristics. As indicated
earlier, we uncovered a problem with the nove precision
parameter. Move precision sets the degree of random notion
when choosing a nove. When we set the factor to zero in

bat ch node we broke sonething in MANA, as yet unknown.

Navi gate obstacles will nake entities in the squad
try-and find their way around solid obstacles when they get
“stuck.” Squad noves together neans the fractiona
novenment for each squad nenber is the sane at each tine
st ep. Going affects speed neans entities wll decrease
their novenent speed with regard to the type of terrain
they are in. As you can see, these are check boxes and we

did check these in our runs.
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Edit Squad Properties

General Persunalityl Rangesl Additional Weapon

—Move Selection Algorithm

' Precision

" Tau SoftMax

Precision Move Selection

Move Precision: |23I] 3,

Tiau SoftMax Move Selection

II].I]I]1

AS Move Parameters

alpha 1I]I]:|1U|] v|
rx 1I]I]:|5U v|

Elight Move Parameters
Mazx. Path Loss 10 =

Max. Std TSP Targets IB 3.
WP Influence Dist. 10 3

Rejection Lock Time, |10 5
Hum. Gen. Evol. TSP |5 3
[¥ Limit Response to Track

I~ Evolutionany TSP

[¥ TSP Onerrides Personality

[ Use True S& Target Position

[~ Diagonal Motion Correction
v Navigate Obstacles (momentum)
v Sguad Moves Together

¥ Going affects speed

Fi gure 9.

Trigger states,

change the properties of
based on the occurrence of sone event. Al

in the default
triggering event
behavi or of

may change the behavi or

shown in

state,
oCccurs.

the particul ar

Sanpl e Squad Movenent Properties Tab.
5. Trigger States

Figure 10, are a way

a squad in the mddle of a

and remain in that

Triggering events may change the

agent involved in the event

of the entire squad that that

bel ongs to. Once activated by the causal event,
agent’s behavior will change in a way, and for a duration
specified by the nodeler. For exanple, in its default

state the red agent

used the taken shot

trigger to

wants to nove towards the convoy.

change his behavi or

“runni ng away” fromthe convoy.
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Trigger States
& -
[[] Reach Waypoint —
[ Taken Shat
[[] Shot &t
[ Enemy Contact
[] Souac Taken Shot
[ Squad Shat At
[] Squad En Contact
[ Injured
[ Sepuad Injured
[ Seuad Dead
[] Fuel Out
[ Refuel
[] Reach Final Wiaypoint
[ Refuel by En
[ Refuel by Fr
[ Refusl by Mew
[] Run Start
[] =& Map En Contact 1
[] S& Map En Cortact 2 7|

Copy State I Paste State I

Duration: IU 37

Fallback to: a
IDefaurt State j

Figure 10. Sanple Trigger States in MANA

Duration is the nunber of time steps a squad or agent
will remain in that trigger state. The fallback to option
indicates what state the agent wll fallback to when the
speci fi ed nunber of tine steps has expired.

Beginning with the convoy, we invoked two trigger
states in addition to the default state. First, we
i ncreased the convoy’'s speed and desire to nove away from
an eneny when the squad shot at trigger was activated.
This is in line with Marine Corps doctrine when caught in a
near anbush. Secondly, when the convoy reaches the
southern HA site, triggering the reach final waypoint

state, their novenent speed is set to zero and they
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recogni ze the neutrals as enemes which has the effect of

causing the convoy to begin firing HDRs at them

The northern neutrals’ single trigger was seeing or
hearing of the presence of the convoy; eneny contact,
comuni cated through the SA map. This event caused themto
forgo their initial desire to make their way to the
northern HA site and, instead increase their speed and
desire to follow after the trucks. W believe this
accurately describes how crowmd novenent patterns m ght | ook

in areal world HAV DR operation.

Two trigger states were concatenated together to
portray the aggressor’s actions after taking a shot.
First, he enters the taken shot state for a single tine
st ep. This is sinply a MANA trace-back application trick
to allow us to determ ne what happened when those actions
occurr ed. Next, red falls into the retreat state while he
flees fromthe convoy. W did not intend for this to be a
conbat nodel but did want to introduce the idea of
harassing fire and believed the single red agent was the
best way to inculcate that construct.

This chapter, along with Appendix B, conpletes the
details of the setup of our nodel in MANA. W believe that
between the conbination of the default squad weightings,
the trigger states, and the parameter settings that they
i nvoke, we have a good distillation of the HA/DR scenario
we desired. W also believe that this nodel is general
enough to allow for a nunber of different extrapolations.
For exanple, the <convoy <could weasily be copied and
reintroduced as a second convoy tasked with feeding a

second site. Simlarly, we could increase the nunber of
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red agents to test the <construct of a nore hostile
popul ace. Coordi nati on between neutrals could be tested by
strengthening their attraction to one another, by setting
their novenents to be nore precise, or by manipulation of

SA map settings.

The next chapter explains the Latin Hypercube design
used establish paraneter settings in our experinment. Next
we consider the statistical tests we used to fit equations

to the resulting data.
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V. ANALYSI S METHODOLOGY

Wthout data and information there can be no
noni t ori ng. Di saster data are nunbers that
matter.

Chri st opher Bl ack
| nternati onal Federation of the Red Cross, 1997

A CHAPTER OVERVI EW

We present our analysis nethodology in three parts.
Section B devol ves how we designed our experiment. In this
di scussion we plainly identify the 40 squad/state/factor
conbi nati ons, described in Chapter I1l, we chose to include
in our experinent. Secondly, the process of designing a
Latin Hypercube (LHC) is explained as we applied the
technique to our conbinations. In Section C the
statistical software package we used for our analysis is
i ntroduced. The final division (Section D) explains the
princi pals behind the additive nultiple regression nodel we
fit to our dataset, as well as, the underlying assunptions
necessary for the regression technique to be valid.
Finally, the statistical tests wused to conpare various
regressi on nodel s and to identify signi ficant
squad/ st at e/ fact or conbi nati ons are expl ai ned.
B. DESI GN OF EXPERI MENT

We now highlight three topics; the selection of factor
conbinations for the experinment, an explanation of the
experinmental design wused to generate squad/state/factor
conbi nation settings, and the superconputing process that
returned the dataset used in our analysis.
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1. Squad/ St at e/ Fact or Conbi nati ons and Their Ranges

Because it is possible in MANA to vary the paraneters
of any squad, in any state, the nunber of conbinations can
grow alnpost wthout bounds. W used thousands of
exploratory MANA runs to bound the conbinations we wanted
to test. For exanple, we wanted to find the effect that
the nunber of hits to kill paraneter had on the nunber fed.
We reasoned if a truck were killed, fewer neutrals would be
f ed. But it was not necessary to vary this paraneter when
the convoy entered the shot at state because the red agent
would be running away at that point. A full factorial
design was not needed. | nst ead, squad/ st ate/ fact or
conbi nati ons were sel ected based on an understandi ng of the
pr obl em In the end, we found 40 conbinations we thought
shoul d i npact the nunber of neutrals fed.

Table 2 lists the 40 conbinations explored and the
ranges we chose to vary. The ranges were al so determ ned
through trial and error during the thousands of exploratory
runs. The nam ng convention we used was
squad_state_factor. In sone cases the paraneter value is
set at the outset of a run and is not identified with a
particular state, but rather is carried throughout the run.
In this case the nami ng convention is squad _factor; see for

exanpl e southern neutrals_ThreatRate in the table.
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squad state parameter low high
Convoy ThreatRate 1 500
Default State Alive Friends 50 100
Next Waypoint 80 100
Movement Speed 50 200

No. of Hits Required to Kill 1 3

Min Distance to Friends 3 15
Squad Shot At State Alive Friends 50 100

Alive Enemy -100 -50

Injured Friends -25 25

SA Threat 3 (High) -100 -50
Reach Final Waypoint State |Max Targets Per Step 80 120
southern neutrals ThreatRate 1 500
CommsDelay 0 500
Precision 0 500

Default State Next Waypoint 60 80
Security ThreatRate 1 500
Default State Next Waypoint 80 100
Movement Speed 50 200

No. of Hits Required to Kill 1 3
northern neutrals ThreatRate 1 500
ThreatSize 5 100
CommsDelay 0 500
Precision 0 500

Default State Next Waypoint 60 80
Sensor Range 5 100

Contact State Alive Friends 0 50
Alive Enemy 50 100
SA Threat 3 (High) 50 100
Sensor Range 5 100
|Aggressor ThreatRate 1 500
ThreatSize 5 100
Precision 0 500
Default State SSKP 0 100
Alive Enemy 50 100
SA Threat 3 (High) 50 100
Sensor Range 5 100
Max Targets Per Step 100 300

Shot Radius 1 30

Retreat State Alive Enemy -100 -50

SA Threat 3 (High) -100 -50

Tabl e 2. Squad_state_factor conbinations and their

ranges used in the design of experinents.

2. Latin Hypercube (LHC)
Qovi ously we could not have conducted any type of full
or even fractional factorial experinent. If, for exanple,

we had |ooked at our 40 conbinations at even two |evels
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each, we would have begun with 2* design points requiring

1.0995x10” runs to obtain even one data point for each of the
possi bl e conbi nati ons. On top of that, if we then
considered running the experiment nunerous times at each
design point, varying the seed each tine, the anount of
time it would have taken to run our simulation would have
risen exponentially. A three |level experinent, enabling us

to detect non-linearities, was right out.

So then we turned to the LHC design. A LHC is a
sanpling techni que whereby all portions of the distribution
of the range of a factor are divided into strata of equal
mar gi nal probability. The LHC then sanpl es once, at random
from within one of the strata. The value drawn is then
assigned as the factor setting for the first run of the
si mul ati on. This technique 1is then repeated w thout
repl acenent for the second, third, and all subsequent runs.
So by the end of the LHC process the distribution of
possi bl e values for that factor have been uniformy sanpled
resulting in a colum filled wth randomMy sanpled and
randomy assigned factor settings that cover the nunber of
simulation runs [TRAC-Monterey, 2003 and G oppa, 2002].
Wien the technique is applied to all factors the result is
a square matrix with sides equal in length to the nunber of

factors.

We used the java code given in Appendix C and witten
by Professors Susan and Paul Sanchez to select settings for
our LHC The input to the ReadFactors class is a three-
col um spreadsheet. The first colum is the factor nane.
Colums two and three are the low and high settings,

respectively, for that factor. ReadFactors <calls the
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Lati nHypercube <class and passes it the spreadsheet
i nformation. Class LatinHypercube actually generates the
LHC. Precautions were built in to deal with the case where

the factor range was | ess than the nunber of factors.

If, for exanple, the factor only had three settings
but the designer wanted to include 30 factors, the code
would try to divide the range of that three-settings
paranmeter into as nmany bins as possible and then select
equally from each bin until the factor’s colum in the LHC
was full. The result would be approxinmately 10 of each of

the settings randomy assigned throughout the LHC

Wth a LHC design one wants to |imt the incidence of
multicollinearity or correlation between the colums. The
very fact that values wthin each colum are chosen at
randomis, in itself, a guard against confounding but it is
still possible for correlation to enter into this design
nonet hel ess. In order to try to mnimze the chance of
mul ticollinearity occurring in our design, we strung 16
LHCs together. By concatenating 16 LHCs, each of which had
randomy generated colums, the chance of any two colums
being correlated was nuch |less than would have been the
case in a snmaller design. This was a sinple process
because the java code allowed us to specify how many LHCs

we desired to be concat enated together.

Qur design process followed the protocol j ust
descri bed. Initially we started with four LHCs appended
together to avoid the problem of multicollinearity. After
our first run we had a 160 x 40 matriXx. A correl ation
matrix of the results showed that in several cases we had

correlation between colums which was greater than 020 or
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| ess than -0.20. The highest correlation was around =0.27,
and the average correlation magni tude was 0.063. W wanted
to force nore of this correlation out of our design so we
eventually strung 16 LHCs together for a total design space
of 640 x 40. This gave us 640 different conbinations of
settings for our 40 squad/state/factors. W were confident
our design was sufficient to cover the range of possible
outcones and were pleased with a final correlation of not
nore than £0.14 with an average nagnitude of 0.031.

3. Super conmput i ng

PA  has established a web-based interface where
nodel ers nmay submt their agent-based files for runs on the
superconputing clusters at the Maui Hi gh- Per f or mance
Computing Center (MHPCO) . Using this resource sinply
requires one to submt the xm file and bitmap, and then
define the variables to be farmed over, along with the

ranges and step size for each of those vari abl es.

In our case, because we were not using standard step
sizes to fill out our ranges, we conferred directly wth
the M TRE Corporation, the principal contractor supporting
the Marine Corps’ efforts. Qur LHC design required M TRE
to wite a front-end script that would strip off row val ues
from our spreadsheet and insert them into the xm file.
They then farnmed the runs over a superconputing cluster and
ran each set of design points 50 tinmes, varying the seed
with each run. Wth 640 design settings and 50
replications at each row they conpleted 32,000 runs in 7 %
hours. The results were returned to us in the form of a
comma separated values (.csv) file.
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C. DATA ANALYSI S

In this section we introduce the software package we
used to analyze that data. Next, we relate why we chose to
consol i date our data prior to beginning our analysis.

1. JMP Statistical Discovery Software™

To begin looking at the dataset, we needed to find a
data anal ysis package that was easy to use and which had
wel | - devel oped graphics capabilities. W felt the graphics
capability was especially inportant because of the need to
effectively view the breadth of the sanple space. W could
have used several different sets of software and m grated
the results from one to another but opted instead, to | ook
until we found a system offering one-stop-shopping. The

JMP Statistical Discovery Software™package nmet our needs.

JW is a product of The SAS Institute® and is
adverti sed as a software package for interactive
statistical graphics [JMP, 2002]. JMP incl udes:

. A spreadsheet for viewi ng, editing, entering, and
mani pul ati ng dat a.

. A broad range of graphical and statistica
nmet hods for data anal ysis.

. Options to select and display subsets of the
dat a.

. Facility for grouping data and conputing sunmary

statistics.

The software is designed to be a point-and-click
product made for the field analyst. W found this software
easy to |learn and use.

2. Dat a Rol | up

W began our regression nodel fitting efforts with the
full dataset, 32,000 points. Because we had so many data
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points, it was hard to deternmine if a particular outcone
was the result of the true characteristics of a variable or
sinply due to the natural variability of that factor. Ve
deci ded we would average the results of the 50 iterations
at each set of design points. W used the nean of the
consolidation as the result for that particular set of
runs. This technique also allowed us to invoke the Centra
Limt Theorem
D. ADDI TI VE MULTI PLE REGRESSI ON ANALYSI S

Wiile there are nmany analysis techniques that could
have been applied to our dataset, we concentrated primarily
on additive nmultiple linear regression. W wanted to drill
deeply into understanding the effect our 40 conbinations of
squad/ state/factor had on m ssion success. This included
trying to quantify that effect to a limted degree but,
nore inportantly, involved finding a robust set of
paranmeters which would be effective over a w der range of

scenari os.

Addi tionally, we hoped to determine what t he
conbi nati on suggested in terns of real world outconmes. If,
for exanple, convoy speed turned out to be statistically
significant, what were the training, tactics, and
techniques ram fications? W felt this was an area of high

contribution stenm ng from our research

Regression is a standard technique that quantifies how
a response variable is perturbed by various predictors.
Mostly, we wused Ilinear regression, the application of
regression techniques to a continuous response. In sone

cases we treated individual inputs as ordinal in order to
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track specific effects of interest. We considered only
mai n effects, 2" degree polynonials and 2-way interactions.

1. The Regression Techni que

The regression technique fits a linear function line
(or set of hyperplanes in the case of nultidinensional
input data) wusing the least squares fitting criterion;
mnimzing the sunms squared error on a set of continuous,
categorical, or independent variables. A random error term
(€) is included so the general additive nultiple regression
nodel 1 ooks |ike this:

Y =0 +Bx +Bx, +- +fBx, +e, where
Y is the dependent vari abl e,

the x’s are the independent vari abl es,

B is the coefficient of the independent variable with

i =1,..k, and

£ is arandomerror term

2. Assunpt i ons

The follow ng assunptions regarding & nust hold for
the regression fitting technique and the statistica
testing procedures (t-tests and F tests) to be a valid
[ Devore, 2000 and Ham | ton, 1992].

. Errors nmust foll ow a nor mal (Gaussi an)
di stribution.

. The errors nust be identically distributed with
zero nean and constant vari ance.

. Al errors nust be independent and identically
di stributed (iid).

3. Conpari ng Regressi on Mdel s
VW used the coefficient of determination, or R’ as

our principal measure of best fit when deciding between
65



regressi on nodel s. The R* value estimates the proportion
of the variation in the response around the nean which can
be attributed to terns in the nodel rather than to random

error [JMP, 2002]. So an R> of 1.0 neans the response is

conpletely predictable based on the value of t he

i ndependent vari abl es. An R* of 0.0, on the other hand
means the fit predicts the response no better than the

overal | mean would. Because R*> will never decrease as nore
variabl es are added, we were not interested in a nodel that
maxi mized R’ Instead we wanted to find a sinple
regression nodel, one with the fewest nunber of factors,
for which R° was nearly as large as the R* of a “full”
nodel whi ch i ncl uded al | 40 squad/ st ate/ factor

conbi nati ons. R* is calcul at ed:

Rzzl—égg, wher e

SSE=Y"(v, =50 = [y, (B, +Bx,, +-- +Bx,)I

and
SST = Z(y,» -y)

we refer to SSE as Sum Squared Errors and SST as Sum

Squar ed Total .

Qur second conparison neasure between nodels was the F
statistic, also known as the nodel utility test. If [ is
the nunber of terns in our original regression nodel and %
is the nunmber of terms in a nodel including the origina

terms plus interactions, than the F test involves the nul

hypothesis H,:8, =8.,=-=6 =0, according to which there is
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no wuseful relationship between Y and any of the Kk
predi ctors. I f, however, at |east one of these f's is not
0, the corresponding predictor(s) are useful. The test is
based on a statistic having an F distribution when H, is
true as defined by:

_ (SSE, = SSE,) [(k =1

/ SSE, /[n —(k +1)]

where SSE, is the unexplained variation for of the
regression nodel having k& terns and SSE, is the unexpl ai ned

variation of the reduced nodel [Devore, 2000].

4. Plotting the Regressi on Mdels

Once we were satisfied with our choice of a regression
nodel, we used two plots as a quick validation of the
goodness of fit of that nodel. First, we plotted the
actual nunber fed vs. the predicted nunber fed in order to
visually check the fit of our prediction Iine. Thi s
techni que serves as an easy and imediate way to visually
ensure predictions follow the general pattern of the actua
dependent vari abl e. In the actuals vs. predicted plot we
hoped to see our points lining up diagonally, beginning at
the origin and followwng a slope of one. If the
predictions were perfect, they would have lain entirely
over the top of the actual nunber fed at each data point in
our dataset. See Figure 11 as an exanple. This type of
pattern would have visually indicated that our estinated

regression function was a good fit.
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Figure 11. Sanple of actual vs. predicted plot.

A second quick-l1ook plot we used was the standardized
residuals vs. the predicted nunber fed plot. Residuals are
the difference between the actual nunber fed and the
predi cted nunber fed. In this plot we hoped to see the
points evenly spaced and distributed throughout the frane,
as in Figure 12. In other words, we did not want to be
able to detect any pattern. A pattern would violate the
assunption that errors were independently distributed with

constant variance [Devore, 2000].
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Figure 12. Sanple residuals vs. predicted plot.

5. Determining the Significance of Ternms in the
Regr essi on Model

The final step in fully accepting the specific
conmbi nations of factors thenselves was to test them both
gqualitatively and quantitatively. Qualitatively, the
author’s judgnent was relied upon to determ ne whether the
inclusion or exclusion of a specific squad/state/factor
conbi nati on made sense. For exanple, in the opinion of the
aut hor, should the novenent speed of the convoy be included
as a factor in predicting the nunber of neutrals fed in our
scenario? O, should the sign of the threat rate paraneter
be negative? This would nmean the greater the distance at
whi ch neutrals begin to chase the fewer the nunber fed.

The quantitative tests used to examne factors and
factor conbinations were the student t-test and the Tukey

t est [ Devore, 2000] . In order to deternmine the
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significance of a particular termin the regression nodel,
we used the t statistic and its correspondi ng p-value. The
t statistic is the ratio of the paraneter estimate to its
standard error [Devore, 2000].

T= L where

Tis the test statistic,

B is the estimation of the true value of the

coefficient on the independent variable x, withi =1,.,Kk,

B is the true value of the coefficient on the

i ndependent variable x,, with i =1,.,k, and

S, is the standard error of ,8

Looking for a t-ratio greater than 2 in absolute val ue
is a comon rule of thunb for judging significance because
it approximates the a = 0.05 level of significance. a is
the probability of rejecting a true hypothesis about our

experiment [Devore, 2000].
The Tukey test uses the Studentized range distribution
and depends on two paraneters, a nunerator degrees of

freedom (df), m and a denominator df, v. Let Q,,  denote

the upper-tail a critical value of the Studentized range
distribution with m nunerator df and v denom nator df.

Val ues of the Studentized random variable can be found in

tabl es given in Devore, 2000. Q.10 Can be used to find

si mul t aneous confi dence interval s for al | pai rw se
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differences E[y]-E[y,]. W can then say with probability

l-a,
X~ X0™ Dariw-n NMSE | J < E[y,] —Ely 1 =X07%0% 00 100 VMSE | J
for every i and j. Each interval which does not include

zero yields the conclusion Ely] and Ely;] differ

significantly at the level a. The typical sequence of

steps sinplifying this procedure is as foll ows:

1. Select a and find Q,,,,, froma table such as in

Devor e.

2. Determine w=Q,, ., NMSE/J .

3. List the sanple neans in increasing order and
underline those pairs differing by less than w Any pair
of sanple nmeans not underscored by the same line
corresponds to a pair of neans that are judged to be

significantly different.

In JMP this procedure is automated and thus it is very
easy to test over the range of a particular factor to see
where, within that range, the settings group together and
hence are not significantly different. An additional
benefit of this test in JW is the JMP output. JVP
automatically creates what it calls the neans dianonds
plot. The plot clearly shows the spread of the nunber fed
at each setting of the paraneter. Furthernore, the neans
di anonds plot reveals the trend in the nunber fed as the
paraneter takes on the range of its val ues. When coupl ed
with the Students t-test and the Tukey test, the plot
identifies the significant difference between factor

settings.
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In this chapter we have laid out the nethodol ogy we
followed to generate, process, and fit our data. Chapter V
explains in nmuch greater detail the process of fitting our
regression nodels to our full dataset. W then defend
t hese nodel s and present sunmary statistics and interesting
findi ngs. We | ook at specific paranmeters of interest and
several interactions. Thr oughout the chapter we highlight

t he operational insights gained fromthe results.

72



V. RESULTS AND CONCLUSI ONS

As far as the laws of mthematics refer to
reality, they are not certain; and as far as they
are certain, they do not refer to reality.

Al bert Einstein (1879 - 1955)

If scientific reasoning were |imted to the
| ogi cal processes of arithnetic, we should not
get very far in our understanding of the physical
world. One might as well attenpt to grasp the
gane of poker entirely by the wuse of the
mat hemat i cs of probability.

Vannevar Bush (1890 - 1974)
Pivotal figure in hypertext research

A CHAPTER | NTRODUCTI ON

This chapter details the iterative process we used to
fit our final regression nodel. After exam ning the signs
of the coefficients on the main effects and the resulting
2-way interactions, we present sunmary statistics and
conclusions based on this nodel. W identify the
squad/ state/factor conbinations found to be inportant and
suggest how these conbinations my be exploited during
future operations. Finally, we cover followon regression
nodel s we explored as a result of our findings when we fit
the final nodel
B. FI TTI NG THE MULTI PLE LI NEAR REGRESSI ON MODEL

In this section we build our final |inear nodel. The
process followed to generate this regression nodel is
expl ai ned and the underlying assunptions of the nodel are
checked. Several mmin effects and interactions are tested
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or exam ned nore closely. Finally, we present the results
and suggest interpretations.

1. Fitting the Main-Effects-Only Model

To begin fitting the main effects of our original 40
conbi nations, we started with no ternms in the nodel and
used the forward stepw se regression procedure in JW to
add terns. A factor conmbination was initially included in
the regression nodel if its p-value was l|less than 0. 25.
The initial sel ection f ound 23 squad/ st ate/ fact or
conbi nations out of the original 40 net the criteria. The

R* associated with this equation was 0.6041. Bef or e
| ooking nore closely at the terns which survived the
initial screening as described in Chapter 4, we considered
the effect of striking those terns that had been factored

out by our stepw se regression process.

Three groups of factors surfaced as not being
inmportant in predicting the nunber fed in our sinulation
Based on the thousands of runs made in the nonths prior to
designing our full expe